Lam TI, Wise PM, O'Donnell ME. Cerebral microvascular endothelial cell Na/H exchange: evidence for the presence of NHE1 and NHE2 isoforms and regulation by arginine vasopressin. Am J Physiol Cell Physiol 297: C278 -C289, 2009. First published May 20, 2009 doi:10.1152/ajpcell.00093.2009.-Blood-brain barrier (BBB) Na transporters are essential for brain water and electrolyte homeostasis. However, they also contribute to edema formation during the early hours of ischemic stroke by increased transport of Na from blood into brain across an intact BBB. We previously showed that a luminal BBB Na-K-Cl cotransporter is stimulated by hypoxia, aglycemia, and AVP and that inhibition of the cotransporter by intravenous bumetanide significantly reduces edema and infarct in the rat middle cerebral artery occlusion (MCAO) model of stroke. More recently, we found evidence that intravenous cariporide (HOE-642), a highly potent Na/H exchange inhibitor, also reduces brain edema after MCAO. The present study was conducted to investigate which Na/H exchange protein isoforms are present in BBB endothelial cells and to evaluate the effects of ischemic factors on BBB Na/H exchange activity. Western blot analysis of bovine cerebral microvascular endothelial cells (CMEC) and immunoelectron microscopy of perfusionfixed rat brain revealed that Na/H exchanger isoforms 1 and 2 (NHE1 and NHE2) are present in BBB endothelial cells. Using microspectrofluorometry and the pH-sensitive dye BCECF, we found that hypoxia (2% O 2, 30 min), aglycemia (30 min), and AVP (1-200 nM, 5 min) significantly increased CMEC Na/H exchange activity, assessed as Na-dependent, HOE-642-sensitive H ϩ flux. We found that AVP stimulation of CMEC Na/H exchange activity is dependent on intracellular Ca concentration and is blocked by V 1, but not V2, vasopressin receptor antagonists. Our findings support the hypothesis that a BBB Na/H exchanger, possibly NHE1 and/or NHE2, is stimulated during ischemia to participate in cerebral edema formation.
ischemia-induced cerebral edema formation (6, 27, 42, 43, 65) . We and others hypothesized that ischemic factors stimulate activity of one or more luminal BBB membrane Na transporters, which, via functional coupling to the abluminal Na-KATPase, facilitates vectorial transport of Na across the BBB in the brain (14, 19, 20, 29, 50, 53, 65) . Studies from our laboratory provide evidence that the BBB Na-K-Cl cotransporter is a major participant in ischemia-induced edema formation. Nevertheless, other BBB Na transporters may well also contribute to ischemia-induced edema formation.
Previous studies provide some evidence that a BBB Na/H exchanger may contribute to cerebral edema formation during ischemic stroke. The Na/H exchange inhibitors amiloride and EIPA have been found to reduce basal intracellular pH (pH i ) in cultured cerebral microvascular endothelial cells (CMEC) (23, 67) , suggesting that Na/H exchange occurs in these cells. In other studies, CMEC have been reported to exhibit an EIPAsensitive 22 Na influx that is stimulated by endothelin, another factor increased in the brain during ischemia (28, 74) . Furthermore, the Na/H exchange inhibitor SM-20220 has been shown to reduce increases in brain water after ischemia-reperfusion via transient middle cerebral artery occlusion (MCAO), as well as after 3 days of permanent MCAO in the rat (33, 70) . We also found evidence that intravenous administration of the highly selective Na/H exchange inhibitor HOE-642 reduces edema and infarct after MCAO in the rat (73) . Na/H exchange is known to serve multiple functions, including regulation of pH i , cell volume, and cell proliferation in epithelial and nonepithelial cells (10, 37, 59) , and it participates in vectorial transport of ions across a variety of epithelia (54) . Nine Na/H exchanger isoforms have been identified: NHE1, NHE2, NHE3, NHE4, and NHE5 in the plasma membrane and NHE6, NHE7, NHE8, and NHE9 in organelle membranes (16, 44, 55, 71) . NHE1, which is ubiquitously distributed in tissues and is best known for its role in pH and cell volume regulation, also functions in transport of ions across epithelia (16, 48, 75) . Although NHE1 is most commonly found in the basolateral membrane of epithelial cells, it resides in the apical membrane of some Na-absorbing epithelia (48, 75) . A variety of studies have shown that NHE2 and NHE3 can also reside in the apical membrane and function in Na absorption across some epithelial cells (7, 16, 22, 47, 69) . Together, these findings suggest that the Na/H exchanger may be another luminal membrane BBB Na transporter that is stimulated by ischemic conditions to increase Na transport across the BBB from blood into brain, thereby contributing to edema formation during ischemic stroke.
The present study was conducted to determine which Na/H exchanger isoforms are present in the BBB and to evaluate the effects of hypoxia, aglycemia, and AVP on Na/H exchange activity in CMEC. We report here that NHE1 and NHE2 are present in the luminal membrane of BBB endothelial cells and that Na/H exchange activity of CMEC is stimulated by hypoxia, aglycemia, and AVP. We further report that AVP stimulation of CMEC Na/H exchange activity appears to occur via a V 1 vasopressin receptor-and Ca-dependent pathway.
MATERIALS AND METHODS
CMEC culture. Bovine CMEC were maintained in DMEM that contained 5 mM D-glucose and 1 mM Na-pyruvate, supplemented with 2 mM L-glutamine, 50 g/ml gentamicin, 1 ng/ml basic fibroblast growth factor, 5% calf serum, and 5% horse serum in an atmosphere of 95% air-5% CO 2, as described previously (20) . For Na/H exchange activity experiments, CMEC were grown on coverslips coated with collagen and attachment factor (Cell Systems, Kirkland, WA). For Western blot experiments, CMEC were grown on collagen-and fibronectin-coated 24-well plates for 8 -10 days until confluent. Growth medium was replaced with fresh medium every other day. At 24 -48 h before each experiment, cells were refed with a 50:50 (vol/vol) mixture of fresh DMEM containing 5% horse serum and 5% calf serum and astrocyte-conditioned medium (ACM) containing 10% FBS. ACM was prepared as described previously (50, 52) .
Isolation of rat cerebral microvessels. This study was conducted in accordance with the animal use and care guidelines issued by the National Institutes of Health, and the protocol was approved by the Animal Use and Care Committee at the University of California, Davis. Rat brains were removed within 5 min after pentobarbital sodium-induced euthanasia and placed in ice-cold 1ϫ PBS. Brain tissue was maintained at 4°C in buffered medium containing protease inhibitors throughout the microvessel isolation procedure, except when the tissue was exposed to the digestive enzymes at 37°C. Under a dissecting microscope, the meninges were carefully removed, and pieces of the cerebrum were gently dissected away from the cortical surface. Cortical tissue was diced with a sharp razor blade, homogenized, treated with digestive enzymes, and then separated from single cells and larger vessels by filtration through a series of different pore-size mesh and finally through a glass bead column, as previously described (3) . Once microvessels were isolated, they were lysed immediately and kept frozen in a Ϫ80°C freezer until they were needed for protein analysis.
Gel electrophoresis and Western blot analysis. Western blot analysis was performed following methods we have described previously (52, 77) . Briefly, CMEC monolayers on 24-well plates were rinsed twice with ice-cold PBS containing 5 mM EDTA (PBS-EDTA) ϩ protease inhibitors (Complete Protease Inhibitor Cocktail tablet, Roche Diagnostic) and then lysed in PBS-EDTA containing 1% SDS ϩ protease inhibitor. For preparation of lysates of rat cortical cerebral microvessels, freshly isolated microvessels were disrupted by sonication in PBS-EDTA containing 1% SDS ϩ protease inhibitor. The protein concentration of CMEC and cerebral microvessels was then determined using the bicinchoninic acid method to ensure equal loading of membrane protein into each gel lane. Lysate samples and prestained molecular weight markers (Bio-Rad, Hercules, CA) were denatured in SDS reducing buffer containing DTT (Invitrogen NuPage, Carlsbad, CA) and heated to 70°C for 10 min and then loaded into gel lanes. Protein samples were electrophoretically separated on 7.5% Tris-glycine gels (PAGEr Gold Precast, Cambrex Rockland, ME; Mini-Protean II, Bio-Rad), and the resolved proteins were transferred to nitrocellulose membranes using a Bio-Rad Trans-Blot apparatus. The blots were then incubated in 7.5% nonfat dry milk ϩ PBS-Tween for 1 h at room temperature. Subsequently, blots were incubated with NHE1 antibody {mouse monoclonal antibody 4E9 (Millipore, Bedford, MA) or rabbit polyclonal antibody XB17 [a gift from Gene Chang (9)]} or NHE2, NHE3, or NHE4 antibody (rabbit polyclonal AB3038, mouse monoclonal AB3136, or rabbit polyclonal AB3087, respectively; Millipore), rinsed three times with PBSTween, and then exposed to secondary antibodies (horseradish peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG; Zymed Laboratories, San Francisco, CA). After three PBS-Tween washes, protein bands were visualized using enhanced chemiluminescence (ECL, Amersham Biosciences, Little Chalfont Buckinghamshire, UK) with a Fuji Film LAS-3000 Imaging System (Medford, UK). Image Quant software (Molecular Dynamics, Sunnyvale, CA) was used to quantitate band density.
Immunocytochemistry. Cultured CMEC grown on collagen-coated glass slides were fixed with 4% paraformaldehyde in 0.4 M phosphate buffer for 1 h, incubated with blocking solution (10% goat serum, 0.4% Triton X-100, and 1% BSA in PBS) for 1 h, and then incubated with rabbit polyclonal NHE1 antibody (XB17) or rabbit polyclonal NHE2 antibody in blocking solution overnight at 4°C and finally with donkey anti-rabbit biotin-conjugated antibody (1:500 dilution; Jackson ImmunoResearch Laboratories) for 1 h. Cells were exposed to Vectastain Elite ABS reagent to amplify the signal and then incubated (5 min) with diaminobenzidine reagent (Vector Laboratories). Cells were then counterstained with hematoxylin, which dyes the nuclei blue. Control cells were treated as described above but without primary antibody. Cell images were captured using a Leitz Diaplan microscope with a ProgRes 3012 digital camera and Adobe Photoshop 6.0 software.
Immunoelectron microscopy. Rat brains were subjected to cardiac perfusion fixation for 60 min using 4% paraformaldehyde ϩ 0.05% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were excised, postfixed in 4% paraformaldehyde overnight, and then subjected to freeze substitution, as described previously (21) . Tissues were embedded in lowiacryl resin and sectioned onto carbon-coated grids and then immunolabeled with monoclonal NHE1 antibody (4E9) or polyclonal NHE2 antibody (AB3038) with 15-nm gold particleconjugated anti-mouse IgG or anti-rabbit IgG, respectively, using methods we have described previously (53) . Sections were stained with uranyl acetate and lead citrate and then observed using a Philips 410 electron microscope. For quantitatation of gold particle distribution in the microvessel plasma membranes, a total of 187 immunoelectron micrographs were examined, and gold particles were counted using a double-blind method. Data are presented as the percentage of total plasma membrane gold particles in the luminal membrane.
Na/H exchange activity assays. The well-established NH 4 prepulse method was used to assess Na/H exchange activity in cultured CMEC (12, 62) . Briefly, CMEC monolayers grown on collagen-and attachment factor-coated glass coverslips were washed twice with HEPESbuffered medium that contained (in mM) 144 Na, 147 Cl, 5.8 K, 1.2 Ca, 0.4 HPO4, 0.4 H2PO4, 0.4 Mg, 0.4 SO4, 5.6 D-glucose, and 20 HEPES (pH 7.4, 290 -300 mosM). CMEC were initially incubated in HEPES-buffered medium containing 5 M BCECF-AM (Molecular Probes) for 30 min at 37°C and then placed in a closed, temperaturecontrolled perfusion-imaging chamber mounted on the stage of a Zeiss Axiovert inverted microscope. Before Na/H exchange activity measurement, CMEC were superfused with HEPES-buffered medium without BCECF-AM at a constant rate of 3 ml/min at 37°C for Ն10 min to wash out extracellular BCECF. For experiments evaluating hypoxia effects on Na/H exchange activity, CMEC were superfused with treatment medium containing varying levels of O2 for varying times. Treatment media were first equilibrated with the desired O2 level in a hypoxia chamber, and O2 levels in the media were verified by an O2 electrode (Corning). Equilibrated treatment medium was transferred to an airtight syringe that was then connected to the perfusion assembly while still in the hypoxia chamber, and the syringe and assembly were moved to the microscope stage. For experiments assessing the effects of aglycemia or AVP on Na/H exchange activity, CMEC monolayers were pretreated for 30 min with normoxic medium lacking glucose or containing AVP (0 -200 nM), as described in previous studies (20) . In some experiments, CMEC were also exposed to V 1 All experiments evaluating Na/H exchange activity were conducted using HEPES-buffered media that were nominally CO 2 free (room air equilibrated) to minimize confounding activity of HCO3-dependent proton equivalent membrane transporters, as described previously (40, 41) . After measurement of baseline pH i, cells were subjected to NH4 prepulse acidification by 5 min of exposure to 20 mM NH4Cl followed by NH4Cl washout in Na-free HEPES-buffered medium (HEPES) that contained (in mM) 147 Cl, 5. . By this method, the mean baseline pHi and mean prerecovery pHi (observed after the prepulse at the start of the pH recovery period) did not differ significantly among experiments regardless of the experimental conditions (i.e., aglycemia, hypoxia, AVP, AVP agonists and antagonists, BAPTA, and estradiol). The initial rate of pH recovery from acidification was observed during the 60-s period after the medium was changed to one again containing Na (normal HEPES-buffered medium with 147 mM Na) and is expressed as ⌬pH i/⌬t. To determine H ϩ flux (J H ϩ , in mM H ϩ /min), this rate was multiplied by intracellular buffer capacity (␤), assessed over the range of pH i values pertinent to these studies, as described previously (40, 41) . Briefly, CMEC were perfused with progressively decreasing concentrations of NH4 in HEPES medium, and ␤ was calculated as ⌬NH4/⌬pHi. At the end of each experiment, cells were exposed to high-K medium (pH 7.0) containing 10 M nigericin, and medium containing (in mM) 147 Cl, 113 K, 0.6 Ca, 1.02 Mg, 5.6 D-glucose, 20 HEPES, and 35.4 N-methyl-D-glucamine (a replacement for Na) was used for a calibration point.
Materials. DMEM and L-glutamine were purchased from GIBCO-BRL (Grand Island, NY); gentamicin from AG Scientific (San Diego, CA); FBS and calf serum from Hyclone (Logan, UT); horse serum, 17␤-estradiol, and nigericin from Sigma (St. Louis, MO); BAPTA from EMD Biosciences/Calbiochem (San Diego, CA); BCECF-AM from Invitrogen/Molecular Probes (Carlsbad, CA); and AVP, as well as V 1 and V2 vasopressin receptor agonists and antagonists, from Peninsula Laboratories (division of Bachem, San Carlos, CA). HOE-642 was a gift from Sanofi-Aventis Pharmaceuticals (Bridgewater, NJ).
Statistics. Values are means Ϯ SE. All experiments were done at least three times. Statistical analyses were done using StatView software (SAS Institute, Cary, NC). Comparisons of groups were made by ANOVA followed by Fisher's multiple-comparison test, unless otherwise indicated. P Ͻ 0.05 was considered significant.
RESULTS

Expression of NHE1 and NHE2 in cultured CMEC and freshly isolated rat microvessels.
If an Na/H exchanger contributes to Na transport across the BBB into the brain during cerebral ischemia, then the Na/H exchanger should be present in the luminal membrane of BBB endothelial cells. To test this notion, we first evaluated cultured bovine CMEC and freshly isolated rat microvessels for the presence of Na/H exchanger protein by Western blot analysis. Using specific antibodies that recognize NHE1, NHE2, NHE3, and NHE4, we evaluated CMEC and microvessels for the presence of these isoforms. As shown in Fig. 1 , A and B, Western blots of lysates prepared ) and freshly isolated rat cerebral microvessels (10 g) were subjected to Western blot analysis (duplicate lanes are shown). A: blots were incubated with primary antibody to NHE1 protein (rabbit polyclonal antibody XB17 for CMEC and mouse monoclonal antibody 4E9 for microvessels) and then with secondary antibody, and bands were visualized by enhanced chemiluminescence. B: blots were incubated with primary antibody to NHE2 protein (rabbit polyclonal antibody AB3038 for CMEC and microvessels or NHE2 antibody in the presence of NHE control peptide) and then incubated with secondary antibody, and bands were visualized by enhanced chemiluminescence. Western blots are representative of 4 similar results for NHE1 and 3 similar results for NHE2. C and D: CMEC monolayers grown on collagen-coated glass slides were fixed and then incubated with NHE1 rabbit polyclonal primary antibody (XB17) or NHE2 polyclonal primary antibody (Millipore) and then with biotin-conjugated secondary antibody. Bound antibodies were visualized using diaminobenzidine (brown). Control slides were incubated with secondary antibody only. Slides were counterstained with hematoxylin for visualization of nuclei (blue). Images are representative of 3 similar results for NHE1 and 2 similar results for NHE2.
from CMEC, as well as microvessels, revealed prominent bands for NHE1 and NHE2. Single ϳ110-and ϳ93-kDa bands were observed for blots probed with polyclonal NHE1 antibody (XB17; Fig. 1A ) or polyclonal NHE2 antibody (AB3038; Fig. 1B, left and middle) , respectively. A single ϳ110-kDa band was also observed in Western blots using the monoclonal 4E9 NHE1 antibody. To validate the identity of the ϳ93-kDa band as NHE2 protein, we conducted Western blot analysis after preincubation of the polyclonal NHE2 antibody with an NHE2 control peptide (AG784, Millipore). As shown in Fig.  1B (right) , the ϳ93-kDa band was no longer observed. In Western blots using NHE3 monoclonal antibodies, no immunoreactive bands were detected in CMEC or microvessel lysates, whereas a prominent band was observed for a kidney lysate-positive control (data not shown). In Western blots using a polyclonal NHE4 antibody, we did not find unequivocal evidence of NHE4 in CMEC, whereas a prominent band was present in the positive control kidney lysates (not shown).
We also subjected CMEC to immunocytochemical analysis for NHE1 and NHE2. Confluent CMEC grown on collagencoated glass slides were immunostained with NHE1 or NHE2 antibodies (see MATERIALS AND METHODS). We observed NHE1 immunoreactivity (Fig. 1C, left) , appearing as brown stain in the CMEC. When CMEC were exposed to secondary antibody only (Fig. 1C, right) , no brown staining was observed. In these experiments, cells were counterstained with hematoxylin, which stains the nuclei blue. As shown in Fig. 1D , NHE2 protein was also observed in the CMEC (brown staining), whereas the negative control (secondary antibody only) shows no staining (only blue nuclei). Because the CMEC monolayers are very flat, it is not possible to reasonably discriminate between NHE1 and NHE2 staining that may be present in the cell membrane vs. the cytoplasm.
NHE1 and NHE2 are present in rat brain microvessel endothelial cells in situ. The hypothesis that a BBB Na/H exchanger participates in Na transport from blood into the brain during ischemic stroke predicts that the Na/H exchanger will be present in the luminal membrane of BBB endothelial cells in situ. Thus we used immunoelectron microscopy to conduct experiments to evaluate the in situ distribution of Na/H exchanger proteins in cerebral microvessels of perfusion-fixed rat brains. Figure 2 shows representative immunoelectron micrographs generated using NHE1 (A and B) and NHE2 (C and D) antibodies (at 2 different dilutions each) and gold particleconjugated secondary antibodies. We found that NHE1 protein is indeed present at the BBB luminal membrane, as indicated by the presence of gold particles in the images (Fig. 2, A and  B) . NHE2 is also present at the BBB luminal membrane (Fig.  2, C and D) . Some electron micrographs showed evidence of NHE1 and NHE2 in the cytoplasm. However, the focus of these studies was to determine whether one or both Na/H exchanger isoforms reside at the luminal BBB membrane; thus the extent to which NHE1 and NHE2 are found in cytoplasmic compartments will need to be clarified in future studies. To quantitate the distribution of Na/H exchanger protein in BBB luminal and abluminal membranes, a total of 187 immunoelectron micrographs generated for both primary antibodies were examined. As shown in Fig. 3 , we found that NHE1 and NHE2 are distributed predominantly in the luminal BBB membrane, with ϳ67% of NHE1 in the luminal membrane (33% in the abluminal membrane) and ϳ70% of NHE2 in the luminal membrane (30% in the abluminal membrane).
Hypoxia, aglycemia, and vasopressin stimulate CMEC Na/H exchange activity. The hypothesis addressed in these studies includes the prediction that Na/H exchange activity of BBB endothelial cells is stimulated by one or more factors during ischemia. Thus we determined whether hypoxia, aglycemia, and/or AVP, three prominent factors in cerebral ischemia, stimulate BBB Na/H exchange activity. We used the NH 4 prepulse method with the pH-sensitive dye BCECF to evaluate Na/H exchange activity in CMEC (Fig. 4) . A representative experiment demonstrating Na/H exchange activity in CMEC is shown in Fig. 4A . By this method, exposure of the cells to NH 4 causes intracellular alkalinization, and subsequent exposure to NH 4 -free perfusion medium causes rapid acidification. The pH remains acidic and does not recover if the cells are maintained in Na-free medium (Na-free HEPES in Fig. 4A ), nor does it recover if the cells are placed in medium containing Na with the Na/H exchange inhibitor HOE-642 (cariporide, 25 M). When the cells are exposed to perfusion medium containing Na without HOE-642, pH rapidly recovers, indicating an Nadependent, HOE-642-sensitive J H ϩ , or Na/H exchange activity, as described previously (40, 41) . The trace shown in Fig.  4A represents the average values assessed for 30 cells in the field of view. For each experiment, J H ϩ was calculated from the initial rate of pH i recovery after NH 4 washout and return to normal Na ϩ -, HOE-642-free perfusate. We found an HOE-642-sensitive and Na-dependent J H ϩ of 0.23 Ϯ 0.01 mM H ϩ /min (HEPES alone in Fig. 4A) ; in the absence of Na or in the presence of HOE-642, however, J H ϩ was not measurably different from zero (Ϫ0.003 Ϯ 0.011 and 0.002 Ϯ 0.002 mM H ϩ /min for Na-free and HEPES ϩ HOE-642, respectively). Because ACM has been shown to increase expression and activity of the CMEC Na-K-Cl cotransporter, we also tested whether ACM affected Na/H exchange activity in CMEC. Na/H exchange activities for bovine CMEC were 0.25 Ϯ 0.01 and 0.26 Ϯ 0.01 mM H ϩ /min for cells treated without and with ACM, respectively (data not shown), suggesting that ACM does not have an effect on CMEC Na/H exchange activity. HOE-642 has been reported to be highly selective for NHE1, with an IC 50 of 0.05 M, but it also inhibits NHE2 at higher doses, with an IC 50 of 3 M (39). As an initial assessment of whether NHE1, NHE2, or both contribute to CMEC Na/H exchange activity, we evaluated the HOE-642 dose dependence for Na/H exchange inhibition. As shown in Fig. 4B , HOE-642 inhibited bovine CMEC Na/H exchange activity, with an IC 50 of ϳ7 M, and it abolished Na/H exchange activity at 25 M.
We next evaluated the effects of hypoxia, aglycemia, and AVP on CMEC Na/H exchange activity (Fig. 5) . Exposure of cells to 30 min of glucose-free medium or hypoxia (ϳ2% O 2 ) before and during assessment of Na/H exchange activity, as described for Fig. 4A , caused significant increases in CMEC Na/H exchange activity. For each set of experiments, the mean prerecovery pH i values did not differ significantly among experimental conditions. Thus, for the data shown in Fig. 5A , AVP (100 nM) caused a robust increase in Na/H exchange activity from control levels to 0.61 Ϯ 0.06 mM H ϩ /min cells (Fig. 5A) . In these experiments, exposure of cells to aglycemia or hypoxia before the NH 4 prepulse did not cause a significant change in baseline pH i. Thus baseline pH i was 7.002 Ϯ 0.042 and 6.986 Ϯ 0.028 for control and aglycemia-exposed cells, respectively, and 7.018 Ϯ 0.019 and 6.976 Ϯ 0.017 for control and hypoxia-exposed cells, respectively. Baseline conditions were the same (cells were not treated with AVP until 5 min before Na/H exchange assay). Here, baseline pH i values were 6.958 Ϯ 0.0.021 and 6.953 Ϯ 0.025 for control and AVP experiments. These findings are valid for the remaining experiments reported in the present study (Figs. 6 -8) . None of the experimental conditions significantly altered baseline pH i before NH 4 prepulse or the prerecovery pH i (data not shown).
Because of the magnitude of the AVP effect on Na/H exchange activity, we chose to focus the remainder of our investigation on the response of the CMEC Na/H exchange to AVP. We first evaluated the dose dependence of AVP effects on the Na/H exchanger. As shown in Fig. 5B , we found that 5 min of exposure of CMEC to Ն10 nM AVP significantly increased Na/H exchange activity.
AVP stimulates CMEC Na/H exchange activity via V 1 vasopressin receptors.
Depending on the cell type, AVP can act via V 1 or V 2 vasopressin receptors, which are linked to activation of phospholipase C and adenylate cyclase, respectively (56) . Furthermore, AVP has been reported to stimulate Na/H exchange activity by V 1 vasopressin receptors in human platelets (1), but by V 2 vasopressin receptors in renal collecting duct cells (61) . To determine whether AVP stimulation of CMEC Na/H exchange activity occurs via V 1 or V 2 vasopressin receptors, we tested the effects of selective V 1 and V 2 vasopressin receptor agonists and antagonists on HOE-642-sensitive J H ϩ in CMEC. As shown in Fig. 6A , 5 min of treatment of CMEC with the V 1 vasopressin receptor agonist Orn VP (100 nM) increased Na/H exchange activity to values not significantly different from those obtained with 100 nM AVP, whereas 30 min of treatment with the V 2 vasopressin receptor agonist DDAVP (100 nM) did not affect Na/H exchange activity. Next, we tested the ability of V 1 and V 2 vasopressin antagonists to inhibit AVP-stimulated CMEC Na/H exchange activity (Fig.  6B) . We found that stimulation of CMEC Na/H exchange activity induced by 5 min of treatment with AVP (100 nM) was abolished when the V 1 vasopressin antagonist PhaaET VP (100 nM) was also present, whereas the V 2 vasopressin receptor Fig. 5 . Effects of AVP, hypoxia, and aglycemia on CMEC NHE activity measured as HOE-642-sensitive H ϩ flux. A: confluent CMEC monolayers grown on glass coverslips were exposed for 30 min to glucose or glucosefree medium (left), hypoxic (ϳ2% O2) or normoxic (middle) medium, or 0 or 100 nM AVP (right), and NHE activity was assessed. Values are means Ϯ SE of 4 experiments each for control and aglycemia, 3 experiments each for control and hypoxia, and 6 and 3 experiments for control and 100 nM AVP, respectively. *Significantly different from control: P Ͻ 0.03, P Ͻ 0.05, and P Ͻ 0.0001 for aglycemia, hypoxia, and AVP, respectively (Student's ttest). B: CMEC monolayers were exposed to 0 -200 nM AVP for 5 min, and NHE activity was assessed as HOE-642-sensitive H ϩ flux. AVP was also present during the assay. Values are means Ϯ SE of 3 experiments for each condition. *Significantly different from control (i.e., 0 nM AVP): P Ͻ 0.013, P Ͻ 0.002, P Ͻ 0.0001, and P Ͻ 0.0001 for 10, 50, 100, and 200 nM AVP, respectively. antagonist D-Ile VP (100 nM) did not significantly alter AVPstimulated CMEC Na/H exchange activity. The dose response for the PhaaEt VP effect on AVP-induced Na/H exchange stimulation is shown in Fig. 6C To test this prediction, we examined the effects of the Ca chelator BAPTA-AM on AVP-induced stimulation of Na/H exchange activity in CMEC (Fig. 7) . We found that stimulation of Na/H exchange activity by AVP (5 min, 100 nM) was abolished in cells pretreated with BAPTA-AM (30 min, 5 M), whereas BAPTA-AM alone did not significantly alter Na/H exchange activity.
Estradiol attenuates AVP-stimulated CMEC Na/H exchange activity. Many studies have shown that estradiol is neuroprotective in stroke (18, 24, 72, 76) . Our laboratory previously found that estradiol attenuates MCAO-induced cerebral edema and infarct in ovariectomized rats (51) . We also found that acute and chronic exposures to estradiol reduce hypoxiaand AVP-induced stimulation of CMEC Na-K-Cl cotransporter activity, suggesting that estradiol's neuroprotective effects may be mediated in part by reducing ischemic factor stimulation of BBB cotransporter activity. If, as our studies suggest, ischemic factor stimulation of BBB Na/H exchange activity also contributes to ischemia-induced edema and infarct, then it is possible that estradiol has an inhibitory effect on the BBB Na/H exchanger. First, we evaluated the estradiol dose-dependent effects on the Na/H exchanger in CMEC. We found that exposure of CMEC to Ն1 nM estradiol for 1 day significantly reduced Na/H exchange activity of CMEC (Fig.  8A) . We next evaluated the effect of acute estradiol exposure on AVP-stimulated Na/H exchange activity. We treated CMEC for 5 min with AVP (100 nM) alone or AVP ϩ estradiol (1-100 nM). We found that 1 nM estradiol significantly reduced AVP-stimulated Na/H exchange activity in the cells and that 10 and 100 nM estradiol abolished AVP stimulation of Na/H exchange activity (Fig. 8B) .
DISCUSSION
Previous studies provided evidence that a BBB Na/H exchanger may participate in ischemia-induced edema formation (33, 35, 70, 73) . However, it has not been known what isoforms of the Na/H exchanger are present in BBB endothelial cells, nor is it known whether the Na/H exchanger is stimulated by factors present during cerebral ischemia. We demonstrate here that NHE1 and NHE2 proteins are expressed in brain microvascular endothelial cells and that both are present predominantly in the luminal BBB membrane. We also show that the ischemic factors hypoxia, aglycemia, and AVP are stimulators of Na/H exchange in brain microvascular endothelial cells. Together, these findings support the hypothesis that ischemia stimulates luminal BBB NHE1 and/or NHE2 to participate in edema formation during ischemic stroke. Our studies further reveal that AVP stimulation of BBB Na/H exchange activity occurs through a V 1 vasopressin receptorand Ca-dependent pathway. Finally, we provide evidence that estradiol, which reduces edema in ischemic stroke, may act in part by attenuating AVP-induced stimulation of BBB Na/H exchange activity.
Our studies are the first to demonstrate that brain microvascular endothelial cells express NHE1 and NHE2 proteins. This finding is consistent with previous reports that rat CMEC express mRNA for NHE1 (26) as well as NHE2 (67) . However, these previous studies were limited to measurement of mRNA and did not evaluate the cells for expression of Na/H exchanger proteins. Rat brain endothelial cells have also been reported to express mRNA for NHE3 and NHE4 (67) . However, we did not find compelling evidence for NHE3 or NHE4 in our Western blot studies. Whether this is because of species differences or because CMEC do not translate NHE3 and NHE4 mRNA to measureable levels of proteins remains to be clarified in future studies. NHE5 has also been reported in brain, but evidence suggests that it is neuron specific (2, 8, 55) , and thus it was not included in the present investigation. We also did not include NHE6, NHE7, NHE8, and NHE9 in our investigation, largely because they appear to have an intracellular distribution (16, 44) . However, it is possible that NHE5, NHE6, NHE7, NHE8, or NHE9 could be present in the BBB A: CMEC were pretreated with 0 -100 nM 17␤-estradiol (E2) 1 day before use, and NHE activity was measured as HOE-642-sensitive H ϩ flux. Values are means Ϯ SE of 3, 3, 4, and 4 experiments for control, 1 nM E2, 10 nM E2, and 100 nM E2, respectively. *Significantly different from control without E2: P Ͻ 0.0026 for 1, 10, and 100 nM E2. B: CMEC monolayers on glass coverslips were treated with 0 -100 nM E2 1 day before use. On the day of the experiment, cells were exposed to 100 nM AVP for 10 min, and NHE activity was measured as HOE-642-sensitive H ϩ flux in the presence of AVP and 1-100 nM E2. Values are means Ϯ SE of 3 experiments for each condition. *Significantly different from control: P Ͻ 0.0001 for 100 nM AVP. #Signif-icantly different from AVP without E2: P Ͻ 0.0001 for 1, 10, and 100 nM E2 with AVP, respectively. and, in some manner, participate in edema formation during stroke. Future studies are needed to address whether this is the case.
Although our Western blot and immunohistochemistry studies provide good evidence that cultured bovine CMEC and freshly isolated rat microvessels express NHE1 and NHE2 proteins, an important consideration is whether the proteins are present in BBB endothelial cells in situ and, if so, whether they are present in the luminal membrane as predicted for a role in transport of Na across the barrier into the brain. The immunoelectron microscopy experiments of the present study reveal that NHE1 and NHE2 are present in the luminal membrane of cerebral microvessels in situ, consistent with a role for both of these isoforms in BBB secretion of Na into the brain. These studies were conducted using perfusion-fixed brains of rats under normoxic conditions. Thus we do not know whether the in situ distribution of these Na/H exchanger isoforms is altered in ischemic brain. Previous studies evaluating Na/H exchange activity in cultured brain microvascular endothelial cells include demonstrations of amiloride-and EIPA-sensitive J H ϩ in piglet and rat brain endothelial cells, respectively (23, 46, 67) . Rat brain endothelial cells have also been shown to exhibit Na/H exchange activity when assessed as EIPA-sensitive 22 Na flux (74) . In the present study, we chose to use the Na/H exchange inhibitor HOE-642 (cariporide), because it is highly selective for NHE1 while also inhibiting NHE2, with reported IC 50 values of 0.05 and 3 M, respectively (39). Our HOE-642 dose-response experiments reveal an IC 50 of ϳ7 M for inhibition of CMEC J H ϩ . This IC 50 value is consistent with our observation that CMEC exhibit NHE1 and NHE2. Further study is needed to determine the extent to which the two isoforms contribute to CMEC Na/H exchange activity under control, as well as ischemic, conditions. Our observation that the Na/H exchange-mediated J H ϩin CMEC is 0.23 Ϯ 0.01 mM/min, which is equivalent to 0.003 pH unit/s in our studies, is comparable to Na/H exchange-mediated J H ϩreported for other cells, including rat optic nerve astrocytes (0.003 pH unit/s) (38) and cortical astrocytes (0.005 pH unit/s) (32) .
In the present study, we also demonstrate for the first time that Na/H exchange activity of BBB endothelial cells is stimulated by hypoxia, aglycemia, and AVP. CMEC Na/H exchange activity is significantly increased by 30 min of exposure to hypoxia (2% O 2 ) or aglycemia or by 5 min of treatment with varying doses of AVP. In this regard, the CMEC Na/H exchanger responds to these ischemic factors in a manner similar to the CMEC Na-K-Cl cotransporter (20) , supporting the hypothesis that both BBB Na transporters may participate in edema formation during ischemia. In these studies, which were conducted as an initial assessment of ischemic factor effects on the BBB Na/H exchanger, our finding that AVP caused a robust increase in CMEC Na/H exchange activity prompted us to focus the remainder of our investigations on AVP, leaving further experiments of hypoxia and aglycemia effects to future studies. Thus, just how the CMEC Na/H exchanger responds to aglycemia at different levels and durations of exposure remains to be determined.
There is much evidence that AVP appears to be an important contributor to ischemia-induced brain edema. During cerebral ischemia, AVP is released from extrahypothalamic neuronal processes terminating on brain microvessels (36, 68) , which have been shown to possess AVP receptors (34, 58) . Brattelboro rats, deficient in AVP, show less cerebral edema formation following MCAO-induced ischemia, and administration of AVP to these animals increases MCAO-induced edema (17) . In another study, administration of a V 1 vasopressin receptor antagonist reduced infarct volume in a rat focal cerebral ischemia model (66) . Our finding that AVP stimulation of Na/H exchange activity is blocked by V 1 , but not V 2 , vasopressin receptor antagonists and mimicked by V 1 , but not V 2 , vasopressin receptor agonists, suggests that the AVP effect is mediated by a V 1 vasopressin receptor. This is further supported by our finding that the effect of AVP on CMEC Na/H exchange activity is dependent on [Ca] i , as has been reported for V 1 vasopressin receptor effects in other cells (45, 49, 56, 78) , including our own previous studies showing that AVP stimulation of the CMEC Na-K-Cl cotransporter is also mediated by a V 1 vasopressin receptor-and [Ca] i -dependent mechanism (50) . Our findings are also consistent with previous reports that V 1 vasopressin receptors are present in brain microvessels (56, 57) and that AVP-induced brain edema is mediated by a V 1 vasopressin receptor (63) . Collectively, these findings support the hypothesis that AVP-stimulated BBB Na/H exchange activity contributes to cerebral edema formation. Future studies are needed to address the mechanisms by which AVP, hypoxia, and aglycemia increase activity of cerebral microvessel Na/H exchange activity and to clarify whether ischemic conditions increase Na/H exchange activity in part by increasing the abundance of Na/H exchanger proteins in the cells. However, the increases in Na/H exchange activity observed in the present study are unlikely to be due to increased abundance of Na/H exchanger protein because of the short exposure times, i.e., 5 min for AVP and 30 min for hypoxia and aglycemia.
Increased activity of luminal BBB Na transporters during ischemia has been identified as a major contributing factor to ischemia-induced edema. Our previous studies demonstrated that intravenous administration of bumetanide to inhibit the BBB Na-K-Cl cotransporter reduces edema formation and infarct in the rat MCAO model of ischemic stroke (53) . However, we also found evidence that intravenous administration of HOE-642 reduces edema and infarct in rats subjected to 3 h of permanent MCAO (73) , suggesting that BBB Na/H exchanger also participates in formation of edema and infarct during ischemic stroke. Other studies provide some evidence that Na/H exchange inhibitors can reduce ischemic brain damage in rats after 3 days of permanent MCAO (33) or ischemiareperfusion (70) . In addition, studies using in situ perfusion and intracarotid bolus injection methods to analyze rates of Na transport across the BBB into brain demonstrated that the Na/H exchange inhibitors amiloride and dimethylamiloride significantly reduce Na uptake into the brain (5, 19) , suggesting that a luminal BBB Na/H exchanger contributes to the low level of Na secretion into the brain during normoxia. The relative contributions of the BBB Na/H exchanger and Na-K-Cl cotransporter remain to be determined. However, we conducted initial studies to assess the effect of bumetanide ϩ HOE-642 on edema formation in rats during MCAO and found evidence that the two inhibitors appear to have additive effects on reducing edema and infarct (data not shown) (73) . Further study is needed to clarify the relative contributions of the cotransporter and exchanger to cerebral edema formation and also whether these contributions vary with time and degree of ischemia.
Although these studies collectively support a role for the BBB Na/H exchanger in vectorial transport of Na across the BBB into the brain, the Na/H exchanger might also participate in ischemia-induced swelling of BBB endothelial cells. In a recent study, we found significant increases in cell volume after CMEC were exposed to Ն3 h of hypoxia (1, 3, or 7.5% O 2 ). We also found that CMEC swelling after 5 h of exposure to 7.5% O 2 is significantly reduced by HOE-642 or bumetanide and abolished by HOE-642 ϩ bumetanide (14) . Thus Na/H exchange, as well as Na-K-Cl cotransport, may play a role in swelling of BBB endothelial cells as ischemia progresses over time.
The present study included an initial investigation of the effects of estradiol on BBB Na/H exchange activity, because previous studies from this and other laboratories showed that estradiol is neuroprotective in ischemic stroke, reducing edema and infarct (18, 24, 51, 60, 72) . Furthermore, we previously showed that estradiol abolishes ischemic factor stimulation of BBB Na-K-Cl cotransporter activity (51) . We demonstrate here that exposure of CMEC to estradiol (1-100 nM) for 24 h significantly reduces basal Na/H exchange activity and that a 5-min exposure to estradiol (10 and 100 nM) abolishes AVP stimulation of CMEC Na/H exchange activity. The finding that estradiol reduced Na/H exchange activity after only 5 min of treatment suggests a nongenomic mechanism of action, as we have reported for estradiol reduction of AVP effects on CMEC Na-K-Cl cotransporter activity (51) . In those studies, we found that estradiol also diminished hypoxia or AVP-induced CMEC Na-K-Cl cotransporter abundance. Recently, estradiol has also been found to limit the shear stress-induced increase in NHE1 protein expression in bovine CMEC (15) . Further studies are needed to clarify the mechanism by which estradiol inhibits the effect of AVP on the Na/H exchanger.
These findings indicate that the BBB Na/H exchanger and Na-K-Cl cotransporter respond similarly not only to ischemic factors that promote edema formation and infarct (i.e., hypoxia, aglycemia, and AVP), but also to estradiol, a factor known to reduce edema and infarct. This suggests that both BBB transport proteins are important participants in ischemia-induced cerebral edema formation, and both are thus potential targets for stroke therapy.
In summary, the results of the present study provide evidence that NHE1 and NHE2 are present in the luminal membrane of BBB endothelial cells and that CMEC Na/H exchange activity is stimulated by ischemic factors, including hypoxia, aglycemia, and AVP. Although we have yet to determine the full extent of hypoxia and aglycemia effects or the mechanism by which these factors stimulate the Na/H exchanger, we show here that AVP stimulation of the Na/H exchanger occurs via a V 1 vasopressin receptor-and Ca-dependent mechanism. We further show that estradiol reduces AVP stimulation of the CMEC Na/H exchanger. Together with our previous studies, the present findings support the hypothesis that BBB NHE1 and/or NHE2, along with the BBB Na-K-Cl cotransporter, participate in ischemia-induced secretion of Na into the brain with consequent edema formation. 
